We synthesized a DNA probe specific for the gene encoding eucaryotlc DNA topoisomerase I by the polymerase chain reaction. The sequences of the primers for this reaction were deduced from the regions with extensive homology among the enzymes from the fission and budding yeasts, and the human. From the clones isolated by screening a Drosophila cDNA library with this DNA probe, two cDNA clones of 3.8 and 5.2 kb were characterized and completely sequenced. Both cDNA sequences contain an identical open reading frame for 972 amlno acid residues, The 3.8 kb messenger RNA is likely generated by using a polyadenylatlon site 5' upstream to that used in generating the 5.2 kb mRNA. The predicted amino acid sequence shows that a segment of 420 amlno acid residues at the amino terminus is hydrophilic, similar to the amino terminal 200 residues in the yeast and human enzymes. Furthermore, the Drosophila enzyme is unique In that the amino terminal 200 residues are enriched in serine and hlstidlne residues; most of them are present In clusters. The rest of the Drosophila sequence is highly homologous to those from yeast and human enzymes. The evolutionary conserved residues are identified and are likely the critical elements for the structure and function of this enzyme. A plasmld vector containing the cloned cDNA was constructed for the expression of Drosophila protein in Escherichla coll. The enzymatic and immunechemical analysis of the polypeptide produced in this heterologous expression system demonstrated that the expressed protein shares similar enzymatic properties and antigenic epitopes with DNA topoisomerase I purified from Drosophila embryos or tissue culture cells, thus establishing the bacterial expression system being useful for the future structure/function analysis of the Drosophila enzyme.
INTRODUCTION
DNA topoisomerases can affect many, if not all aspects of the biological functions of DNA by their enzymatic activities in modulating the structures of DNA (see recent reviews, 1-3). These enzymes are-grouped into two types according to their mechanism of action: type I enzymes work by reversibly breaking one DNA strand at a time, and type II enzymes can break both strands conceitedly and pass a segment of DNA through this transient double strand break. During the breakage/rejoining process, DNA topoisomerases can form covalent protein-DNA adducts through phosphodiester bonds between specific tyrosine residues in the enzyme and the phosphate group at the DNA break. Both eucaryotic and procaryotic type II DNA topoisomerases share significant similarity in their structure and mechanism. In contrast, the type I enzymes are more diverse in their structure and mechanism. The co protein from Escherichia coli, representing the majority of topoisomerase I activity in bacterial cells, can only relax highly negatively supercoiled DNA efficiently (4) and the enzyme can form a covalent linkage to the 5'-phosphoryl end at the site of enzyme-mediated DNA cleavage (5) . The most abundant nuclear type I DNA topoisomerases like those isolated from mammalian and yeast cells, are proteins of about 100 kD with no apparent sequence homology to the bacterial co protein. They can readily relax both positive and negative DNA supercoils, and form a covalent linkage to 3' phosphoryl end at the DNA cleavage site (reviewed in 6). In addition to the swivelase function during the replication and transcription, one of the noted biological functions of yeast topoisomerase I, and possibly topoisomerase n, is the suppression of homologous recombination within the rDNA repeats (7, 8) . Another yeast genetic locus TOP3, originally discovered because of the effect of its mutant allele in enhancing recombination between 6 sequence repeats of Tyl transposons, shares significant homology in its coding sequence with the E. coli protein (9) and is enzymatically similar to bacterial topoisomerase HI (10) .
Type I DNA topoisomerase activity has been isolated from Drosophila embryos and it has the hallmarks of the eucaryotic topoisomerase I activities (11) (12) (13) . However, the size of the Drosophila enzyme is 135 kD (12, 13) , significantly larger than 100 kD type I topoisomerases isolated from yeast and mammalian cells. The topoisomerase I isolated from Xenopus oocytes has a molecular weight of 165 kD (14) . It is unclear yet whether the Drosophila or Xenopus enzymes are structurally related to the yeast and mammalian enzymes. In order to address this question and to establish a molecular genetic system to investigate the functions of DNA topoisomerase I in Drosophila cells, we have isolated the topi cDNA from Drosophila embryos based on its homology to a highly conserved region among the eucaryotic topoisomerases I. The sequence information of the cDNA clone and the heterologous expression data indicate that the cloned gene encodes a eucaryotic DNA topoisomerase I, corresponding to the 135 kD enzyme isolated from Drosophila embryos.
MATERIALS AND METHODS

Synthesis of a topi DNA probe by the polymerase chain reaction
The sequences for synthetic DNA primers were generated by reverse translation of peptide sequences in the region of extensive homology among eucaryotic topoisomerases I (Fig. 1) . The sequences for oligo 1 and oligo 2, each consisting of 256 and 384 permutations respectively, to reflect all possible codon degeneracies, are 5'TT(T/C)(C/A)G(A/G/C/T)AC(A/G/CIT)-TA(T/C)AA(T/C)GC3' oligo 1, and 5'(T/C)TG(A/G)TG(A/G)-TT(A/G)CA(A/G/C/T)A(A/GXA/G/T)AT3' oligo 2. The Drosophila genomic DNA sequence between the two primers was amplified via the polymerase chain reaction using standard reaction conditions (15) except the primer concentrations were 17 /tM. The annealing of the primers to the Drosophila genomic DNA was carried out at 43 °C for 2 min followed by a 3 min ramp from 43°C to 72°C. The DNA synthesis was extended at 72°C for 1 min and the cycle was repeated 25 times. The DNA products were routinely analyzed by electrophoresis on a 5% polyacrylamide gel.
Cloning and sequence analysis of topi cDNA A radioactive DNA probe for eucaryotic topoisomerase I gene was prepared to a specific activity of about 10 9 cprnJ/ig by the polymerase chain reaction. A Drosophila cDNA library, cloned in the Xgtl 1 vector (16), was screened by the plaque hybridization method (17) . DNA sequences were determined by the chain termination method (18) using T7 DNA polymerase (US Biochemical, Cleveland, OH). The topi cDNA fragments were subcloned in the Bluescript plasmid vector (Strategene, La Jolla, CA) and their nested deletions were generated by unidirectional exonuclease HI digestion (19) . The nucleotide sequence data were assembled and processed by the Pustell computer program (International Biotechnologies, Inc., New Haven, CT).
Construction of a plasmid vector for expression of the cloned Drosophila topoisomerase I gene
We removed most of the 5' untranslated region in the cDNA clone by Espl digestion at nucleotide 241. The resulting topi cDNA fragment, including the poly A tail, was processed for adding BamHI linkers to the ends and inserted at the BamHI cloning site in the pET3b expression vector (20) . The sequence surrounding the 5' end of the cloned segment was confirmed by DNA sequencing. The construction results in an additional 23 amino acids before the initiating methionine in the Drosophila topi cDNA. For expressing the cloned topi gene, the pET3b recombinant plasmid was transformed into BL21(DE3,LysS) E.coli cells and induction of the cloned segment by isopropyl-/3-D-thiogalactopyranoside was carried out according to the published procedure (20) . E.coli cells were harvested and stored at -70°C.
The bacterial cell paste was thawed and lysis ensued due to the presence of endogenous T7 lysozyme. The cell lysate was either processed for analysis by SDS polyacrylamide gel electrophoresis (21) or was centrifuged to remove the cell debris. The cleared lysate was assayed for DNA supercoil relaxation activity in a reaction mixture containing lOmM Tris HC1 (pH 7.9), lmM NajEDTA, lOOmM NaCl, and 25 /ig/ml plasmid DNA. The reaction was incubated at 30°C and the time course was monitored. To assay the relaxation activity for positive DNA supercoils, ethidium bromide at a final concentration of 3 /ig/ml was added to a reaction mixture in which the plasmid DNA was already relaxed. Aliquots collected during the reaction time course were extracted with phenol then ether. The DNA products were analyzed by agarose gel electrophoresis as described before (22) .
Other methods
Immunoblot analysis of the polypeptides separated by SDS polyacrylamide gel electrophoresis was performed using the published procedure (23) . The Drosophila topoisomerase I was purified to nearly homogeneity from either embryos or tissue culture cells using the conventional chromotographic procedures (13) . The anti-topoisomerase I antibody was generated by immunizing a rabbit with purified 13S kD Drosophila topoisomerase I (13) .
RESULTS
Synthesis of a DNA probe for the gene encoding eucaryotic DNA topoisomerase I
Analysis of the deduced amino acid sequence of the DNA topoisomerase I from Saccharomyces cerevisiae (24) , Schizosaccharomyces pombe (25) , and human (26) revealed regions of extensive sequence homology. In order to generate a DNA probe using the polymerase chain reaction (15) , two neighboring blocks of protein homology were reverse translated to give sequences for two opposing DNA primers ( Fig. 1 ). These regions were selected because they appear to have the least number of codon degeneracies in the DNA sequences, and the expected separation of the two DNA probes is about 130 nucleotides which is well within the optimal range of DNA synthesis by the polymerase chain reaction. These two synthetic DNA primers, each of which is a mixture of sequences accounting for all possible degeneracies, were used to amplify the DNA sequence between the primers in the Drosophila genomic DNA. Under conditions where annealing of the primers with the Drosophila genomic DNA was at a temperature between 41 and 50 c C, a DNA fragment of 135 bp was the predominant amplification product (data not shown). When the annealing temperature was below 37°C, a number of DNA fragments were amplified, presumably due to the lowered stringency in the polymerase reaction cycles. At an annealing temperature above 53°C, no significant amplification product was observed.
To further examine the DNA sequences amplified from the Drosophila genomic DNA, the primary amplification product was purified by polyacrylamide gel electrophoresis and subcloned in a plasmid vector. The nucleotide sequence analysis of the cloned insert revealed in addition to the primer DNA sequences used in the amplification reaction, a stretch of deduced sequence of 33 amino acids. The deduced Drosophila sequence shares homology with the other three eucaryotic topoisomerses I in this region (Fig. 1 ). This result suggests that by amplifying a region between two DNA primers corresponding to highly homologous blocks we have isolated a DNA segment encoding part of the Drosophila DNA topoisomerase I.
Isolation and nucleotide sequence analysis of cDNA clones for Drosophila DNA topoisomerase I We prepared a radioactively labeled DNA probe using the polymerase chain reaction to amplify the Drosophila genomic DNA sequences within the DNA topoisomerase I coding region (shown in Fig. 1 ). Using this labeled probe for the topoisomerase I gene, we screened about 1 X10 6 plaques from a Drosophila cDNA library cloned into the Xgtll vector. Five independent recombinant plaques gave the strongest hybridization signals throughout several cycles of plaque purification and screening procedures. The phage DNA containing these cDNA clones were prepared. The analysis by restriction enzyme digestion indicated that four of the clones contained a DNA insert of about 5.2 kb while one contained a 3.8 kb DNA insert.
The cDNA inserts of 5.2 kb and 3.8 kb from recombinant phages Xctopl-2 and Xctopl-6, respectively, were subcloned into a plasmid vector and both strands of the cloned inserts were sequenced by the chain termination method (18) . The nucleotide sequence of the 5.2 kb cDNA insert shows that it contains 5150 nucleotides including a stretch of poly A at its end (Fig. 2) . The nucleotide sequence of the 3.8 kb cDNA insert is identical to the 5.2 kb cDNA except it terminates at nucleotide 3789 (or 3790/3791) due to the presence of a run of two adenosine residues at these positions and it also contains a stretch of polyA sequence at its end (Fig. 2) . The presence of the polyA sequence in both cDNA inserts allows us to assign the polarity of the gene. It therefore appears that 3.8 kb message was probably generated by a cleavage/polyadenylation event occuring 5' upstream to that of 5.2 kb transcript. The 5' end of the 3.8 kbcDN A also contains an additional thymine residue, which was probably derived from the mRNA based on our sequencing information from the genomic clones of topi. topi cDNA was deposited in the GenBank database with an accession number M74557. In both cDNA sequences, the first ATG codon from their 5' ends is located at nucleotide 259 (or nucleotide 260 for the 3.8 kb cDNA insert) and it initiates a contiguous open reading frame with 972 amino acid residues (Fig. 2) . The sequence context of this initiation codon, CAAAATGA. is in general agreement with the consensus start codon sequence, (C/A)AA(A/C)ATG(A/G), in Drosophila (27) . The termination codon TAA is located at nucleotide position 3175 and thus leaves a long untranslated region of 1951 nucleotides before the polyA end of the 5.2 kb clone. The difference in the structures between these two cDNA clones is primarily in the length of the untranslated region at the 3' ends; for the 3.8 kb cDNA the untranslated region at the 3' end is 614 nucleotides long. The 3' end untranslated region is rich in adenine and thymine (A/T composition 64%). There is no perfect match to the polyA signal motif AATAAA upsteam to the polyadenylation sites in both cDNA species. However, sequences that are closely related to this motif and can function as polyadenylation signals (28) can be located upstream to both poly A addition sites.
The expression of topi and the sizes of mRNA species were analyzed by RNA blot hybridization experiments using cloned cDNA sequences as probes. The topi messages in the RNA prepared from Drosophila embryos consist of two major species with sizes of 5.2 kb and 4.0 kb (data not shown). The 5.2 kb message appears to be homogeneous in size. It comigrates with the 5.2 kb RNA size marker generated by in vitro transcription of the cloned cDNA segment and therefore, the 5.2 kb cDNA cloned is likely to be full-length or nearly so. There is also a population of topi messages with an average size of 4.0 kb. Based on the results of 3.8 kb cDNA sequences, it would be interesting to establish in future experiments if the population of 4.0 kb RNA are all generated by using different cleavage/polyadenylation sites or by other mechanisms as well.
Homology and structural comparison of Drosophila topoisomerase I to other eucaryotic topoisomerases I
The deduced structure of Drosophila topoisomerase I contains 972 amino acid residues (Fig. 3A) , which is significantly longer than the yeast and human : topoisomerases I, ranging between 765 and 812 amino acid residues. The Drosophila DNA topoisomerase I is clearly evolutionarily related to other eucaryotic topoisomerases I. We carried out pairwise sequence comparisons between the Drosophila enzyme and the enzymes from fission and budding yeasts, and from man (29) . These comparison searches indicate that there is a high level of identity, approximately 40%, among the amino acid sequences of these eucaryotic DNA topoisomerses I. The conserved amino acid residues that are identical in the sequences of these four nuclear topoisomerases I are marked in Drosophila sequence (Fig. 3A) . Using Drosophila topoisomerase I sequence as a reference, the regions of homolgy are concentrated in two stretches, residues Figure 5 . DNA supercoil relaxation assay of the E. coli extract containing the polypeptide from the expressed Drosophila topi cDNA. The plasmid DNA substrate was incubated with the E. coli cell extract and aliquots were taken at timepoints 10, 20 and 30 min. (lanes 2-4) . After a 30 min. incubation the reaction mixture was split into two parts. Incubation was continued for one half of the sample with the timepoints taken at another 10, 20 and 330 min. (lanes 5-7) and a saturating amount of ethidium bromide was added to a concentration of 3 /ig/ml to the other half with identical timepoints taken (lanes 8-10). The substrate plasmid DNA is in lane 1 and the positions of supercoiled and relaxed DNA are marked by SC and Rel, respectively. The DNA species migrating slower than the relaxed monomer plasmid (Rel), evident in lanes 2-7, are the relaxed dimer DNA. The supercoiled dimer comigrates with the relaxed monomer under these gel electrophoretic conditions. 420 to 860 and 900 to 972 (Fig. 3, A and B) . The sequences used in generating the screening probe are located toward the carboxyl terminal in the first homology block, and the tyrosine residue shown to be involved in the protein/DNA linkage for the yeast topoisomerase I (30,31) is located in a region of extensive homology near the center of the second block (Fig. 3B) . The type I DNA topoisomerases from yeast and human are also characterized by a hydrophilic domain of about 200 amino acid residues at the amino terminals (24) (25) (26) . The first 420 residues for the Drosophila enzyme are enriched in charged amino acids (Fig. 3 B) . However, the Drosophila enzyme is uniquely characterized by clusters of serines and histidines in a stretch of about 200 residues at its amino terminus (see Fig, 3A ). In this region, nearly half of the amino acids are either serines (39.5%) or histidines (11.5%). It therefore appears that in comparison with other eucaryotic enzymes, Drosophila topoisomerase I has an additional Ser/His rich hydrophilic domain of 200 amino acid residues at its amino terminus. This extra stretch of amino acids could also account for the size difference between the 135 kD Drosophila enzyme and the 100 kD enzymes from yeast and man.
Expression of cloned Drosophila topi in E. coli cells
We have established heterologous expression systems to further confirm that the gene cloned corresponds to a Drosophila topoisomerase I gene. The topi cDNA insert was engineered under the control of phage 17 promoter in a pET3b expression vector (20) . The construction of the recombinant E. coli expression vector is described in MATERIALS AND METHODS. As a result of adding linker sequences and the amino terminal peptide from T7 gene 0 protein during the subcloning steps, there are an additional 23 amino acid residues preceding the initiating methionine of topoisomerase I. The expected size of the fusion protein produced in E.coli is 995 amino acid residues.
Total protein from E.coli cells harboring the recombinant pET3b plasmids was analyzed by polyacrylamide gel electrophoresis (Fig. 4) . Part of the gel was stained with Coomassie blue dye (Panel A, Fig. 4) , while an identical half was processed for immunoblotting (Panel B , Fig. 4) . The antibody used for the immunoblot was obtained by immunizing a rabbit with a sample of the 135 kD topoisomerase I purified from Drosophila cells (13) . Under inducing conditions, a polypeptide with a size of about 135 kD was synthesized (lane 2 in Fig. 4 ). This polypeptide was not present in E.coli cells before induction (lane 3 in Fig. 4) , nor in the cells without the cloned topi cDNA (data not shown). The induced polypeptide comigrates with the 135 kD topoisomerase I isolated from Drosophila cells Qane 1 in Fig. 4) . Furthermore, the antitopoisomerase I antibody cross-reacts with the polypeptide induced in E. coli cells as well as with the isolated Drosophila enzyme (lanes 1 and 2, Fig. 4B ). Therefore the protein encoded by the cloned Drosophila gene must be closely related to the Drosophila topoisomerase I. We have also constructed a yeast expression system in which the cloned gene is under the control of GAL1 promoter in a yeast-E. coli shuttle vector described earlier (32) . A novel polypeptide of 135 kD, recognized by the antitopoisomerase I antibody, can be induced in yeast cells growing in galactose-containing media (data not shown). This result suggests that the translational initiation signal in the cloned cDNA sequence can be recognized by another eucaryotic expression system.
The eucaryotic topoisomerases I, including the Drosophila enzyme, are catalytically active in the absence of a divalent cation and can relax both positively and negatively supercoiled DNA (reviewed in 6). These properties distinguish the eucaryotic topoisomerases I from the bacterial enzymes. For instance, the most potent topoisomerase I activity from E. coli, the w protein, can only relax highly negatively supercoiled DNA and this relaxation activity depends on the presence of Mg ++ (4) . We have taken advantage of these differences in eucaryotic and bacterial topoisomerases I to identify whether the polypeptide encoded by the cloned Drosophila gene possesses any eucaryotic topoisomerase I activity. The cleared lysates from E. coli cells grown under inducing conditions contained an activity capable of relaxing negatively supercoiled DNA in the presence of lmM EDTA and without any added divalent cations (Lanes 2-7, Fig.  5 ). Under identical conditions, the cell lysates prepared from uninduced cells contained no such relaxation activity (data not shown). At the timepoint when most of the negatively supercoiled DNA was relaxed, the DNA sample was split into two aliquots. Incubation was continued under identical conditions for half of the sample (lanes 5 to 7, Fig. 5 ), while a saturating amount of ethidium was added to the other half of the sample (lanes 8 to 10, Fig. 5 ). The presence of a DNA intercalator e ethidium bromide can convert the relaxed DNA into positively supercoiled DNA, relaxation of which can again lead to the formation of highly negatively supercoiled DNA after the removal of bound ethidium. Analysis of the DNA sample after the additon of ethidium bromide demonstrated the generation of tightly supertwisted DNA from the relaxed DNA molecules flanes 8-10, Fig. 5 ), thus suggesting the presence of an activity in these crude extracts capable of removing positive DNA supertwists.
These activities are hallmarks for eucaryotic DNA topoisomerase I and therefore, the gene cloned here indeed encodes Drosophila topoisomerase I. Furthermore, the efficiency in the expression of the cloned topi suggests the potential use of of this system in the structure/function analysis of the Drosophila enzyme.
DISCUSSION
We designed a set of DNA primers to synthesize a DNA probe specific for the eucaryotic topoisomerase I gene. The sequences of these primers were selected based upon the amino acid sequences in the region with extensive identity among the yeasts and human DNA topoisomerases I. A specific DNA fragment can be efficiently amplified from the Drosophila genomic DNA by using these primers under typical conditions for polymerase chain reactions. It is possible that the same set of primers can be used to amplify a similar region in the DNA topoisomerase I gene from other eucaryotic sources. We have isolated several Drosophila cDNA clones using the DNA probes generated from these primers. The cloned cDNA segment in heterologous expression systems, can direct the synthesis of a novel 135 kD polypeptide that shares both enzymatic properties and antigenic determinants with the 135 kD DNA topoisomerase I isolated from Drosophila cells, thus confirming the identity of the cloned DNA sequence. The nucleotide sequences of the cDNAs reveal an open reading frame of 972 amino acid residues with extensive homology to the yeasts and human enzymes. The amino terminal 420 residues in the Drosophila enzyme are hydrophilic, a property also shared by 200 residues at the amino termini of the yeasts and human enzymes. We have identified the amino acid residues that are conserved in the four sequences of nuclear enzymes from human, fruit fly, and yeasts (Fig. 3A) . These highly conserved residues may correspond to regions critical for topoisomerase I functions and as such, they will be interesting targets for future structure/function analysis.
In addition to the regions of extensive homology, the Drosophila protein has a unique region at its amino terminus. The first 200 amino acid residues of the Drosophila enzyme are not only hydrophilic but also are characterized by a high content of serine and histidine residues, some of which are present in runs of identical residues. The biological functions of these clustered amino acids are unknown. It is plausible that the phosphorylation of serines may provide a mechanism for regulating topoisomerase I functions, and metal chelation by histidines may modulate the interactions of these residues with nucleic acids.
The analysis of genomic clones, isolated by screening a Drosophila DNA library with topi cDNA probes, is currently underway. Both in situ polytene chromosome hybridization experiments and genomic Southern hybridization results indicate that the topoisomerase I is encoded by a single copy gene in Drosophila (unpublished data). This information should facilitate our efforts in isolating mutants with deficiencies at the topi locus and allow further analysis of the biological functions of topoisomerase I in a multicellular organism.
